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CONTRCL EFFECTIVENESS LOAD AND HTNGE-MCOMENT
CHARACTERTSTICS OF A TIP CONTROL SURFACE
ON A DELTA WING AT A MACH NUMBER OF 1.9

By D. William Conner aud Ellery B. May, Jr.
SUMMARY'

A wind-tunnel investligation was made of a semlspan delta wing
having the leading-edge swept back 60°. A half-delta control surface,
which made up the outer ome-third of the exposed wing span, was hinged
gbout an axis perpendiculer to the stresamwlse perting line separating
the control. Tests were made with and without a fence attached to the
inner wing pasnel at the perting line. Two controls were tested which
differed only in airfoil section. In addition to determining the charac-
terigstics of the camplete configuration, loads were measured on the con-
trol surface alone. The test Reynolds number was 4 X 10° and the free-
stresm Mach number was 1.9.

The experimentel rolling effectiveness of the control surface
smounted to about 85 percent of that calculated by linearized theory.
At zero angle of attack of the wlng, the normel-force and mcment charac-
teristics of the control were reasonebly well predicted by linearized
theory. At low angles of atback, the control-surface hinge moment
exhibited considerable nonlinear variations with control deflection and
with angle of attack. TInstallation of the fence caused no significant
changes in the aerodynemic cheracteristics of the model. Increasing the
leading-edge bluntness of the control surface decreased the rolling
effectiveness and caused no change in the hinge-mament characteristics.

INTROTUCTION

Control surfaces whlch extend tc the wing leading edge have been
found to be highly effective from subsonic speeds to moderate supersonic
speeds. (See reference 1.) Such types of full-chord contrcls appear tc
have none of the reversals in effectiveness at transonic speeds which
characterize some trailing-edge flaps, probably because the effectilveress
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is not unduly sensitive to flow separation near the wing tralling edge.
To learn more about such controls, an investlgatlion has been conducted
in the Langley 9= by 12-inch supersonic blowdown tunnel on a half-delta

control mounted at the tip of a delta wing for a Mach mumber of 1.9 and

& Reynolds number of 4 X 105, similer investigations are being under-
taken by the free-fllght rocket technique, and acknowledgement is made
of rocket test data contained herein suppl.ied. by the Langley Pilotless
Alrcraft Research Divlision. -

The wing-model leading edge was swept back 60°, and the outer one-
third of the exposed span consisted of a tlp control whick rotated about
an axls normel to the root chord. In an attempt to minimize posaible
gap effects ceaused by deflecting the control. surface, tests were made
with a fence mounted at the outer end of the wing panel. Control suxr-
faces of two thicknesses were tested. In same instences the results
have been campered with calculated characteristics.

CCOEFFICIENTS AND SYMBCQLS

C , 1ift coefficlent (Li——i”G

L . a5 / _
c ar £ict 'Drag

D ag coefficient ( S

Ml

Cm pltching-mament coefficlent (q-__s_c';)
Cc rolling-mament coef'ficient | —I-'-—)

L ne ' 2g5b
C aewlng-mament coefiiclent ( l—)

n yawog _ 2gSb/
M! . pitching moment a'bc»uﬁ center of area of

exposed wing
L rolling moment abovt axis of fuselage
N yawing mament about an axis perpendicular to
- fuselage center line.
Ne '

Cx, = g5,
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control-gurface force normal to control surface
chord plene

control-surface force chordwise along control
surface chord plane

control~surface pitching mament (hinge moment )
gbout control-surface pivot axis

bending moment about root chord of combtrol surface
wling-tlp hellx angle in radians per degree
CZg
control deflection o
1
P
coefficient of damping in roll
free-stream dynemic pressure
exposed semispan wing area (19.9% sg in.)
control-surface area (2.151 sq in.)
local chord

meen aerodynemic chord of exposed wing area
(5.55 in.)

meen asrodynemic chord of control surface
(1.827 in.)
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twice dlstance fron fuselage axis to wing tip T _
(smell fuselasge, 11.17 in.; large fuselage, - .

span of control surface from ;pa.rting line to tip —
(1.570 in.) _ - _

local thickness : - S e

engle of attack measured with respect to free- . .
stream directlion S —

control-surface deflection measured with respect T
to wing chord plane in ftree-stream direction, L
degrees ) : =

Reynolds number based on mean asrodynamlc chord
of exposed wing area _ -

Mach number _ =

slope of curve of coefficlent plotted agalnst «
a dac -
(d(;}x,L’ du,z , end so forth) -

glope of curve of coefficient plo;:,ted. againét 5

’d dc
(-a%l', a—az’ and so forth)

MODEL

The system of axes 18 shown in figure 1. The semispan model of
delta plan form had the leading edge swept back 60° and & corresponding

espect ratlo of 2.3.

A full-chord control surface was located at the

wing tip. A photograph of the model mounted is shown as figure 2 and -
the principel dimensions are gilven in figuwre 3. _ -

The main panel of the wing (inner two-thirds of the exposed span)

was a flat plate, 3 percent thick at the ‘Tuselage intersection and ' i
9 percent thick at the outboard end. The leading and trailing edges :

were beveled to wedge profiles with included wedge sngles (parallel to . L

-
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elr stream) of 6.6° and 15.4°, respectively. The leading-edge wedge
was modified by a esmell nose radius, and the sharp bresks in contour
were modified by a slight falring.

The control surface (outer one-third of the exposed span) was
separated fram the inner panel of the wing by a streeamwlse parting line
and rotated about an axls perpendicular to the rcot chord. The axis
was located at 63 percent of the control-surface root chard. The basic
control was comprised of 3~percent-thick double-wedge ailrfoil sections
measured parallel to the air stresm modified by a 0.9-percent-chord
leading-edge radius. A discontlnuity in airfoll thickness existed at
the parting line between the control surface and main panel. Errors
in febrication introduced a silght camber 1n the 3-percent-thick contrcl
with a maximum displacement of the mean line near the point of meximm
thickness amounting to about O.L percent chord. An slternate control
surface was tested, ldentlicel in plan form to the basic surface but
having an alrfoil section T percent thick wilth the maximum thickness fear
forward.

. Fences of two .different sizes were tested on the main wing panel
?t the pa:;‘ting line between the main wing panel and the control surface
fig. 2(d)). .

A few tests were made with a wing having no control surface but
having 9-percent-thick tip sections on the outer one-third of the

exposed wing span.

Al]l tests of the wing and the control surfece were made in the
rresence of a half-fuselage. TFuselages of two different silzes were
used, both of which had the sams nose shape. The nose section merged
into a constant-dlameter section at the station where the wing leading
edge Ilntersected the fuselage.

TUNNEL AND TEST TECHNIQUE

The Langley 9- by 12-inch supersonic blowdown tunnel, in which the
Present tests were made, 1s a nonreturn tunnel utilizing the exhaust
air from the Langley 19-foot pressure tunnel. The inlet alr enters at
an absolute pressure of about 2% atmospheres and contains about

0.3 percent of water by weight.

Semlspan models are cantilevered from a 5-component strain-gage
balance mounted flush with the tunnel well. The balence rotates with
the model as the angle of attack is changed and the forces and mcrments
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are measured with respect to the balance exes. In measuring the forces
and moments acting on the coptrol surface, the surface was connected
wilth the balance lndependent of the wing panel by means of a mounting
staff which extended spanwlse through an internsl slot in the main wing.
The half-span wing models are tested in the presence of, but not attached
to, a half-fuselege shimmed out 0.25 inch from the tumnel wall. The
finite gap existing between the wing end fuselage 1s believed to have no
influence on the flap loading. (See reference 2.)

The dynemlc pressure and test Reynolds number decreased about 5 per-

cent during the course of each run because of the decreased pressure of __

the inlet ailr. The average dynamic pressure was 11.8 pounds per square .
inch, end the average Reynolds number, based on the mean aerodynsamic
chord of the exposed wing, was 4.0.X 1

PRECISION OF DATA

Free-stream Mach number hes been calibrated at 1.90 * 0.02. This
Mach number was used in determining the dynamlc pressure. Calibration
tests which were made with the model removed indicated that the static
pressure varied about #1.5 percent fram a mesan value for. the region
normally occupied by the wing. A discussion 1s given in reference 2 of
the various factors which might influence the test results s 8uch as
humidity effects and method of mounting. =

An estimate has been made of the probable errors to be found in
the measured test polnts, when fluctuations in'the readings of the
measuring equipment, calibration errors, and shift of instrument no-load .
readlngs experienced during the course of each _test are considered. The
following table lists the errors that might be expected to exist between
the test points for each particular flgure. :
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Control surface Control surface
Wing (initial series (second series
(figs. 4 to 9) of tests) of tests)
(figs. 13 and 1h4) (figs. 15 and 16)
Variable Error Variable Error Varlable Error
@ +0.05° o +0.05° a +0.05°
) +.2° 5 +.30 ) +.2°
+.00 +.001 +.00
o 3 o Ox, 5
il i‘ ]
Cp 001 Ch 001 CC‘f +.010
c, +. 0004 Cy +.0002 CBMf +.015
Cn +.0003 Cq +.0001

It should be noted that dlfferent geometric parameters and different
axes were used in reducing the data for the two series of control-surface
tests. The electrical system of the balance was arranged to permit
direct moment measurements @bout the wing axes in the first serles of
tests and sbout the control axes in the second series. This technique
was found necessary to avoid the introduction of considersble scatter

in the mament deta which appeared when an attempt was made to transfer
the data to axes far distant from the point of measurement. TFram one
model set-up to another (change in fence, fuselage, or con'brol surface
thickness) the angle of attack could have differed by 0. 1°, the con-
trol deflection could have differed by +0.4°, and the fuselage incidence
with respect to the wing could have varied 'by +0.3°. Repeat tests were
made for each configuration to assess the magnitude of errors. Statlc
calibration indicated no measureble change in control-surface deflection
caused by control-surface loading.

RESULTS

Figures 4 to 9 present test data of the camplete wing as plots of
the aerodynemic coefficilents plotted asgalnst angle of attack for each
of the various deflection angles of the tip comtrol surface. Figure 10
presents cross plote of these Jgjar¥r il the coefficlents are plotted
ainet control deflection at zero angle of attack. Fuselage
incidence is believed to have caused the displacement in the curves
of figure 8 at zero deflection.

AT
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Figure 11 presents the variation of the rolling-effectiveness
parameter g@/a with Mach number as obtained from free-flight rocket

tests at two control deflections, wind-tumel tests, and calculatlons
based upon linearized theory. The rocket configuration. (unpublished
data) was tested by the Lengley Pilotless Aircraft Research Division by
the same technique and subject to the same limitations as the investi-
gation of reference 1. The wing of rocket configuration had the large

fence installed and operated at a Reynolds number of about 10 X 106

for the meximum Mach number of 1.5. In the region of the wing, the
rocket fuselage dlameter relative to the exposed wing span lay between
the small fuselage and the large fuselage coambinations of the wind-
tunnel configurations. The fuselage nose of the rocket vehicle extended
much farther ahead of the wing. The wind-tunnel test point was obtained
from an average velue of -the experimental rolling effectiveness of the

smell fuselage configuration (reported herein) divided by an experimental

damping coefficient 'CZP (fram reference-3)- "To account for difference

in fuselage diameters, the experimental rolling effectiveness was
nultiplied by a factor of 1.02, which is the theoretical ratio between
the spanwise location in percent semispan of the control-surface loading
for the rocket and the wind-tunnel configirations. The . experimental )
damping coefflclent included the .effect of a fuselage (having about the
same dlameter relative to the wing span as did the present configuration)
and had a value of 85 percent of that calculated for a flat-plate delta
wing by linearized theory (reference 4). The caleculations of gg by
linearized theory utilized the method of referénce 5 to obtain the
rolling moment caused by control deflection and the method of reference b
to obtain the damping coefficient (ignoring fuselage effects). Figure 12
presents the lift-drag curves of several configurations differing in %ip,
thickness and in the falring of the airfoll contours.

Figures 13 and 14 present the data first obtained for the control
surface alone tested in the presence of the wing panel both wlth fence
off and with large fence on. The coefficients In this flgure are based
on the wing dimensions and the moments are teken about the wing wind
axes. Cross plots of these data at zero angle of attack are shown in
figure 15 along with comparable data for the complete wing.

The second series of comtrol-surface hLests were made after first
gtiffening the balance structure (to increase the angle-of-attack range)
and shifting the electricel center of the halance moment measuring
components to the axes of the control surface. The data for these
tests are presented in coefficient form (figs. 16 and 1T7) and include

SO .
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normal force CNf, chord force Cg 27 pitching moment about the comtrol
pivot axis CMf , end the bending mcment about the root chord of the
control c:BMf' Cross plots of these data are mresented in flgure 18 for

engles of attack of 0°, 29, and 4°. Since the model had symmetrical
airfoil sections, all angles and coefficlents can arbitrarlly be reversed
in sign. This change in sign makes possible the application of the test
data to cover the condition of negative deflectlon angles for the
control. This procedure has been followed in presenting the cross-plot
deta of figure 18 to show the nature of the curve shapes in the negative
range of comtrol deflections. In going fram negative to positive deflec-
tions, a discontinulty exists in most curves as a result of inaccuracies
in the test measurements.

DISCUSSION

Wing Characteristics

Control undeflected.=- With the 3~percent-thick tip, the value of
the wing lift-curve glope CLa, for both fuselage conditions wes
sbout 0.040. The calculated value based on flat-plate theory (reference 6)
corrected by an estimate of the additional 1ift resulting fram fuselage
upwash (reference T) was 0.04T for the small fuselage snd 0.04k9 for the
large fuselege. The minimm drag coefficlent was about 0.012 with the
large fuselage and 0.013 with the smsll fuselage. Based on the 1ift
and pitching-moment data of figures 4 to 9, the chordwise locatlon of
the serodynemic center was T percent of the wing mean aerodynemic chord
shead of the center of area. Similarly the 1ift end rolling-mament slopes
indicated the spanwise center of pressure to be located about 40 percent
of the exposed half-gpan outboard of the wing-fuselage Juncture.

Control surfece deflected.- Deflecting the control surface in the
positive direction tended to increase the value of minlmm drag coeffi-
clent and to displace negatively the curvea of pitching moment plotted
against angle of attack. The drag and yawlng-moment curves were shifted
in the negative angle-of-attack direction since the wing drag load at
negative angles of attack tended to be counteracted by a decreased
control-deflection loading (comtrol more alined with the alr streem).

within the accuracy of the test data, the various coefficlents

varied linearly with control deflection at o = O° (fig. 10). The
values of CL5 and Cmb were gbout 0.004 and -0.0013 as compared with

SO
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calculated values of 0.0045 end -0.0015, respectively. With regerd to
rolling mament, the curves of the three fence configurations ( 3-percent-
thick control, fig. 10(a)), agreed within the experimental accuracy, and.
the aversge value of Cza was 0.00076 for the small fuselage as compared

with a calculated value of 0.00090. This experimentel value was used,
ag described in the section emtitled "Resulté'," to obtain a value

b _ ~
of 27/6 of 0.0058 radian per degree for M = 1.9 (fig. 11). The value

5 . . _ _
of b 8, which 1s the ratio of Cza to Czp (both basded on the same

area and spem), was in good agreement with theory. The agreement was
samewheat fortuitous, however, since both experimental values 07‘8 and

CZP) were about 15 percent lower tham the corresponding calculated

values. The data of figure 11 show agreerent between the rocket test
results and theory at supersonlc speeds.

Effect of fence.- Adding a fence to the wing at the Juncture of the
wing panel and the control surface did nol appreclably chaenge the aero-
dynemic cheracteristics of the wing. There was no change in the drag
cheracteristics or in the rolling effectiveness of the control (within
the experimental accuracy), and the use of a fence of the dimensions
investigated at this Mach number appears unwarranted.

Effect of ailrfoil-section modificationsg.- Increasing the control-
gurface thickness from 3 to T percent end moving the position of maximum
thickness far forward ilncreased the minimm drag coefficlent less
than 0.001 (fig. 12). Lift effectiveness of the control was decreased _
slightly end was accompsnied by & 15-percent decrease in control rolling
effectlveness. . . ST

When the alrfoll sectlions camprising the outer one-~third of the
exposed wing panel were increased from 3- to 9-percent thickness (with
the thickness distribution unchanged), the minimum drag coefficlent was
increased about 0.002 (fig. 12). In the initlal configuration of the
wing with 9-percent-thick tip sections, the wing airfoll sectlons were
camposed of flat-slde elements with unfalred intersectlions. Rounding
the nose of the alrfoll increased the minimum drag, whereas incorporating
fairing to eliminate sherp bresks in contour decreased the minlmum drag.
Ag the 1ift coefficient was increased, the differences in drag for the
various configurations decreased. These results are for tests where the
Mach line lies Just ahead of the wing leacing edge. )

AN
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Control-Surface Cheracteristics

Division of loading between the control surface and the inboard
panel of the wing.- A camparison of the slope values for the curves of

figures 8 and 14 gives a measure of the part of the angle-of-attack
loading carried on the comtrol. The control surface covered 11 percent
of the wing area and carried 18 percent of the 1ift load due to changing
engle of attack GLa,' High tip loading would be expected, because the

highest loading on a sweptback wing 1s carried on the rays originating
from the wing apex which lay in the reglon of the leading edge. The
ratio of the value of Cle for the control surface to the value of Ci,

for the complete wing indicates that the 1ift load on the control surface
was responsible for about one-fourth of the wing-panel rolling moment.

A part of the additional loading caused by comtrol-surface deflection
was carried on the inner pamel of the wing (fig. 15), substantiating the
carry-over loading indicated in reference 5. The experimentel value
of Crg was 0.003 for the control surface and 0.004 for the camplete
wing. These values compare with calculated values of 0.0036 and 0.0045,
respectively. The measured O35 value of 0.00068 for the control
surface was less than the previously mentioned velue of 0.00078 for the
camplete wing with large fuselage.

Control-surface loading.- The results of the initlial series of
tests in which loeds were measured on the control alone (figs. 13 to 15),
though limited in scope, indicated that the fence had 1ittle effect on
the loading of the control surface. The results of the second series
of tests (figs. 16 to 18) permlt a more detalled analysis of control-
surface loading.

With the control surface undeflected, the value of CNf was
o

about 0.065 (value calculated by linear theory was 0.078). As the
control was deflected, GNf decreased in value especlaelly at the

a
highest deflections. The moment coefficlent sbout the hinge line CM.f ,

which corresponds to the control-surface hinge moment, varied nonlinearly
with angle of attack as a result of a rearward shlft in center of
pressure which occurred when the wing was rotated fram a streamwise
direction. This effect was not deflned at high control deflectlons

since the angle-of-attack range did not include zero incidence.

The hinge-moment coefficient alsc varled nonlinearly with control
deflection for high control deflections. (See fig. 18.) Increasing
the angle of attack aggrevated thils condition at least in the well-
defined range of negative deflections and appeared to decrease the linear

A e
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range of the moment curves. Both normal-force and bending-moment
coefficlents varied almost linearly with control deflectlon for each
angle of attack, indicating that the change in hinge-mcment cheracteris-
tics probably was assoclated with a change in load distribution near the
nose of the control root. Such a change in load distribution could well
be expected 1n this reglon because of the discontinulty in the chord
plane accompanylng control deflectlon combined with a peak angle-of-
attack loading near the leading edge. Increasing the control-surface
thickness increased the chord-force coefficlent. This Increase, however,
would be of 1little mpracticel signiflcance from design conslderations’
since the maximum value of chord-force coefficlent obtained was no
greater than 0.0L4 and was quite small when campared with normel-force
loads. The value of ONf was decreaged about 10 percent, and the
8 . . -—

hinge-moment characteristics remained unchanged. o

A comparison of theory with the experimentel results for zero
angle of attack (fig. 18) indicates that flat-plate linearized theory
predicted reeasonebly well the varlation of the coefficlents with control
deflection though the theoretical normal-force effectiveness was not

fully realized.

CONCLUSIONS

‘From an investigation at a Mach number of 1.9 of a delta wing with
half-delta control flap in the Langley 9- by l12-inch supersonic blowdcwn
tunnel, the followlng conclusions may be drawn:

1. The experimentasl rolling effectiveness of the control amounted
to about 85 percent of that calculated by lineerized theory.

2. At zero angle of attack of the wing, the normal-force, hinge-
moment, and bending-mament cheracteristics of the control surface were
in reasonable agreement with linearized theory. At small engles of
attack the control-surface hinge moment exhibited considerable nonlinear
variations with control deflection and with angle of attack.

3. Ingtallation of the fence caused no significant changes in either

the serodynemic characteristics of the complete wing or in the loads
and mcoments of the control surface.
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k. Incressing the leading-edge bluntness and airfoil thickness of
the control surface decreased the rolling effectlveness about 15 percent
and caused no change in the hinge™fidhieht ghagacteristics.

Langley Aeronautical Laboratory
National Advisory Commlttee for Aeronautics
Langley Alr Force Base, Va.
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Figure 4.- Aerodynemic characteristice of a semispan delta wing with a half-delta tip comtrol surface
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